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Abstract: Bacterial and archaeal diversity and succession were studied during a mesocosm experiment
that investigated whether changing light regimes could affect the onset of phytoplankton blooms.
For this, 454-pyrosequencing of the bacterial V1–V3 and archaeal V3–V9 16S rRNA regions
was performed in samples collected from four mesocosms receiving different light irradiances
at the beginning and the end of the experiment and during phytoplankton growth. In total,
46 bacterial operational taxonomic units (OTUs) with ≥1% relative abundance occurred (22–34 OTUs
per mesocosm). OTUs were affiliated mainly with Rhodobacteraceae, Flavobacteriaceae and
Alteromonadaceae. The four mesocosms shared 11 abundant OTUs. Dominance increased at the
beginning of phytoplankton growth in all treatments and decreased thereafter. Maximum dominance
was found in the mesocosms with high irradiances. Overall, specific bacterial OTUs had different
responses in terms of relative abundance under in situ and high light intensities, and an early
phytoplankton bloom resulted in different bacterial community structures both at high (family) and
low (OTU) taxonomic levels. Thus, bacterial community structure and succession are affected by
light regime, both directly and indirectly, which may have implications for an ecosystem’s response
to environmental changes.
Keywords: bacterial and archaea diversity; light; climate change; phytoplankton blooms;
454-pyrosequencing
1. Introduction
It is well known today that one of the most important pools of dissolved organic matter (DOM)
in the euphotic layer is of phytoplankton origin. Heterotrophic bacteria are considered to be highly
responsive to environmental perturbations that affect phytoplankton growth and, subsequently,
DOM release [1] due to their small size, life cycle, dispersal potential and metabolic capabilities [2,3].
However, interactions are amphidromous—the composition of the DOM released by phytoplankton
may affect bacterial growth and community structure, but bacteria will also affect its amount and
composition [4]. The influence of phytoplankton on bacteria may be also exerted through other
mechanisms like competition for nutrients and release of antibiotic compounds [5], and effects
can be taxon specific (i.e., different phytoplankton taxa may affect positively or negatively specific
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bacteria [6,7]). Thus, in a changing ocean it is important to understand the complex interactions
between phytoplankton and bacteria that affect the fate of organic carbon in the biosphere.
Bacterial community structure and succession during bloom events has been previously studied
both in microcosm/mesocosm experiments [8] and in situ [9]. These studies have indicated that
certain bacterial groups such as Rhodobacterales, SAR11, Alteromonadales and Bacteroidetes [8–10]
are often associated with algal blooms or the degradation of the derived organic matter. The use
of microcosms and mesocosms is maybe the most suitable experimental methodology available to
date when intending to study the impact of environmental factors and climate change on plankton
communities [11–13]. Experimental approaches seem to be more informative in terms of species-specific
responses to environmental perturbations for the majority of the studied marine [14] and freshwater [5]
habitats as compared with field studies. Whether it is about pulse-like events such as extreme
meteorological activity, or press-like disturbances such ongoing climatic changes (e.g., CO2 increase
and ocean acidification), prokaryotic communities are expected to respond, either directly or indirectly,
and show some degree of resilience both at the structural and functional levels [14,15] in facilitating
ecosystem recovery [16].
Light as a driver of ecosystem dynamics has been explored in a number of studies, but has generally
received less attention compared to other environmental factors like temperature and nutrients.
It has been shown, however, that light may have direct or indirect effects at cellular to community
levels [17–20]. For instance, stimulation of bacterial clades containing aerobic anoxygenic phototrophs
(Rhodobacteraceae and NOR5) and inhibition of SAR11 [21–23] have been shown. Although this is
considered to be a general trend, members of the aforementioned clades may exhibit differential
responses to light manipulation [24]. Similarly, exposure of marine isolates to sea surface solar
irradiance has indicated a large interspecific variability of resistance [25]. Indirect effects of light on
prokaryotes are mainly associated with their role as major consumers of dissolved organic matter
(DOM) [26]. The exudates released by phytoplankton can differ based on light availability [27],
while photoalterations to DOM may change its bioavailability [28].
In a mesocosm experiment carried out with natural plankton assemblages from the Western Baltic
Sea, it was shown that a phytoplankton bloom can be induced by intermittent high-light periods as early
as in January [19]. Additionally, these authors found pronounced changes in the taxonomic response of
phytoplankton and copepods nauplii. However, when it comes to heterotrophic prokaryotic members
of the food web, there is a knowledge gap. Thus, in this paper, using the same mesocosms as in
Sommer et al. [19], we investigated whether changes in the onset of the phytoplankton bloom and
the succession of phytoplankton may also be followed by changes in heterotrophic prokaryoplankton
community composition due to alterations in light regime. For this, we investigated prokaryoplankton
abundance (epifluorescence microscopy) and diversity (16S rDNA 454 pyrosequencing) during the
above mentioned 24-day indoor mesocosm experiment simulating climate-driven changes in light
intensity. In particular, bacterial community dynamics were studied in two control mesocosms
simulating the in situ conditions and light intensity that occur in January and February in coastal
North Central Europe. Climate-driven changes (i.e., changes in cloudiness) were simulated by a ~2
fold increase in solar radiation in two additional mesocosms. A phytoplankton bloom occurred in all
mesocosms except in the January control, and diatom contribution to total biomass increased with the
light dose, a response driven by the predominance of Skeletonema costatum.
Although it is difficult to disentangle all the factors that may influence the structure of the bacterial
community in the mesocosms, we expect that different light regimes will affect bacterial/archaeal
communities directly or indirectly. A previous study dealing with the role of temperature showed
a faster bloom development at warmer temperatures as well as a shift of bacterial community
structure (BCS) towards the appearance of additional taxa [29]. Interestingly, a simultaneous study of
temperature and light effects on bacterial communities’ composition indicated that light effects are
more likely to be direct, while those of temperature are mediated by phytoplankton [20]. We expect that
although prokaryoplankton communities are initially similar in all mesocosms, they will subsequently
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diverge, and specific taxa are likely to emerge following the quantitative and qualitative changes of
phytoplankton assemblages or due to direct effects of light.
2. Materials and Methods
The experimental set-up has been described previously in full [19]. In brief, plankton
succession was induced in mesocosms of ~1.5 m3 containing whole water natural phytoplankton and
mesozooplankton communities from the Kiel Bight (Baltic Sea) at in situ temperature conditions (4 ◦C).
The mesocosms were subjected to simulated high-light episodes: five days after the experiment started
light intensity increased two-fold over controls for 10 days. Controls simulated January and February
under in situ conditions and light intensity. They received a light regime based on natural seasonal
irradiance dimmed to 43% E0 of cloudless days. The initial daily light dose was ~2 and 3 mol photons
PAR m−2 d−1 corresponding to mid-January and mid-February values.
Samples for the current study were retrieved from one mesocosm from each treatment, designated
as JC, JH, FC, FH and corresponding to January (J) or February (F), control (C) or high-light (H)
conditions. The collection of replicated samples was not feasible in order to minimize the removal
of excess water volume for all the samples of the project. The dynamics of bacterioplankton were
monitored for a total of 24 days. The whole experiment took place at the indoor mesocosm premises of
GEOMAR, Kiel, Germany, in January/February 2010.
2.1. Sampling and Cell Counts
Heterotrophic prokaryotic cell counts were determined at two- to three-day intervals throughout
the whole incubation experiment. From each mesocosm, 10–15 mL of water was fixed at a final
concentration of 2% formaldehyde and kept at 4 ◦C in the dark for no more than two days. A subsample
of 2–10 mL was filtered on black pore-sized PTFE filters of 0.2 µm (Millipore, MA, USA) and stained
with DAPI (4′,6-diamidino-2-phenylindole). After mounting the filters on glass slides, the cells were
counted with an Axiostar (Zeiss) epifluorescence microscope at 1000×magnification.
Water samples were collected from each mesocosm at the beginning of the experiment (day 1),
at the beginning (day 11) and the end (day 15) of the exponential growth phase of phytoplankton
and a few days (day 19) before the end of the incubation period. At each sampling point, a total of
500–1000 mL was collected in sterile glass bottles, screened through a 20-µm nylon mesh net (Millipore,
MA, USA) then filtered on a 47-mm diameter 0.2 µm pore-sized polycarbonate filter (Millipore, MA,
USA), under low vacuum pressure (≤150 mm Hg). The filters were stored at −80 ◦C in sterile cryovials
until DNA extraction.
2.2. Molecular Analysis
DNA was extracted using the PowerSoil DNA isolation kit (MoBio Laboratories,
CA, USA) according to the manufacturer’s protocol after slicing the filters under sterile
conditions. DNA concentrations ranged from 2.9–113.7 ng µL−1, based on NanoDrop
measurements (A260/A280 ratios 1.60–2.01). DNA was amplified with the primers 27F
(5′-AGRGTTTGATCMTGGCTCAG-3′) and 519R (5′-GTNTTACNGCGGCKGCTG-3′) targeting the
V1–V3 region of the bacterial 16S rRNA gene and with primers 349f (5′-GYGCASCAGKCGMGAAW-3′)
and 915r (5′-GTGCTCCCCCGCCAATTCCT-3′) targeting the V3–V9 region of the archaeal 16S rRNA
gene (MRDNA, TX, USA). Amplicon pyrosequencing (bTEFAP) was performed as described in [30].
In brief, a one-step 30-cycle PCR was applied using HotStarTaq Plus Master Mix Kit (Qiagen, Valencia,
CA). PCR conditions included: 94 ◦C for 3 min, then followed by 28 cycles of 94 ◦C for 30 s; 53 ◦C
for 40 s; 72 ◦C for 1 min; and a final elongation step at 72 ◦C for 5 min. Following PCR, all amplicon
products from different samples were mixed in equal concentrations and purified using Agencourt
Ampure beads (Agencourt Bioscience Corporation, MA, USA). Samples were sequenced utilizing
Roche 454 FLX titanium instruments and reagents following the manufacturer’s guidelines.
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2.3. Data Processing and Analysis
Sequencing data were analyzed using MOTHUR 1.28.0 software [31]. In brief, flowgrams from
the individual samples were separated according to their TAG, then denoised using PyroNoise
software [32]. After removing primer sequences, TAG and key fragments, only sequences ≥200 bp long
with homopolymers shorter than 8 bp were considered for further analysis. Chimeric sequences were
recognized and removed using the UCHIME software [33]. A 97% similarity cut-off limit was used for
clustering the remaining sequences into operational taxonomic units (OTU). Singletons (i.e., sequences
that occurred only once in the whole dataset) were removed from downstream analyses, as they were
considered most likely sequencing artifacts [34–36]. The data were standardized based on the smallest
sample with permutation [37] in order to minimize differences in sequencing depths between samples.
Taxonomic affiliation was assigned according to the SILVA 123 SSU RNA database [38]. Sequences from
this study have been submitted to the GenBank BioProject (PRJNA238858).
Diversity indices (Dominance and Shannon H) in the four mesocosms during the course of the
experiment were calculated using PAST software v3.25 [39]. Dominance calculated as the 1-Simpson
diversity index ranges between 0 (when all OTUs are equally presented) and 1 (dominance of one
OTU). The Shannon index accounts for both abundance and evenness. Thus, high Shannon index
values characterize communities with many taxa equally distributed. The relative abundance of OTUs
in all mesocosms were correlated with the biomass of the dominant phytoplankton groups retrieved
from [19]. Correlation analysis based on the Spearman coefficient was also performed using the PAST
v3.25 software.
Relationships of the 10 OTUs that occurred in all samples (i.e., for all four mesocosms and at
all sampling points) were visualized by constructing association networks based on the Spearman
correlation coefficient of their log-transformed relative abundances. Only the statistically significant
correlations (p < 0.02) were used for the network matrix. Network visualization was performed with
Cytoscape 2.8.3 software [40]. Positive correlations between OTUs are indicative of non-competitive
relationships as a response to the different mesocosm treatments.
3. Results
3.1. Heterotrophic Prokaryotescell Abundance
Total bacterial and archaeal abundance (Figure 1) on day 1 ranged from 0.57 × 105 to
3.49 × 105 cells mL−1. From that point and until day 11 of the experiment, the prokaryotic cell
counts remained fairly constant (0.30 × 105 to 1.26 × 105 cells mL−1). Maximum cell abundance ranged
between 3.82 × 105 and 6.90 × 105 cells mL−1 and occurred on day 19 for all but the JC mesocosm,
where peak abundance was monitored on day 24. In both cases peak abundance occurred during the
post-bloom period.
3.2. Diversity and Dynamics of Bacteria and Archaea
A total of 120,003 reads met the quality control standards and corresponded to 1,432 unique
bacterial OTUs (97% similarity). In the whole dataset, 629 of the unique OTUs appeared only once
(i.e., singletons), and were excluded due to the possibility of sequencing errors [34,36], leaving 803
bacterial OTUs for further analysis. Rarefaction curves (Figure S1) varied among samples and only in
a few cases did they start to plateau. Archaeal amplifiable DNA and a high total number of reads (i.e.,
>2000 per sample, after quality processing) were feasible only for one sample from low light and three
samples from high light intensities. Thus archaea were excluded from further analysis. The number of
unique bacterial OTUs in each mesocosm (Figure 1) decreased from day 1 (136–368) to day 19 (26–137),
but followed different patterns in each mesocosm. Maximum dominance (D) occurred at day 11 in
all mesoscosms (Figure 2). Diversity was high at day 1 in all treatments, decreased afterwards and
increased again to the initial levels towards the end of the experiment, except for FH (Figure 2).
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and Alteromonadaceae being the second-most abundant. The rest of the OTUs belonged to the
Verrucomicrobiaceae, Microbacteraceae, Actinomycetales and a few unaffiliated taxa.
Of the 11 OTUs that appeared in all mesocosms, OTU2 and OTU1 were present in all mesocosms
at all sampling points and exhibited distinguished temporal patterns (Figure 3). These OTUs belonged
to the Rhodobacteraceae family and were related to environmental sequences from coastal waters
(Figure S2). The abundance of OTU2 peaked at day 11 in all mesocosms and then declined, with the
exception of mesocosm JC, where an increase took place at day 19. On the contrary, the abundance
of OTU1 in all mesocosms decreased slightly from the beginning of the experiment and started to
increase at the end of the experiment, with the exception of mesocosm JH. The rest of the nine OTUs
showed practically no changes in their relative abundance. Another 15 and 5 OTUs were common in
three and two mesocosms, respectively, while the last 15 OTUs appeared only in one of the mesocosms
(Table S1 and Figure 3).
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with the biomass of Chaetoceros decipiens, while OTU2 was negatively correlated (p = 0.017, r2 = 0.587)
with the same organism.
4. Discussion
We investigated changes of heterotrophic prokaryoplankton community composition during
experimentally induced coastal phytoplankton blooms, based on OTU diversity determined by 454
pyrosequencing of the bacterial V1–V3 and archaeal V3–V9 16S rRNA regions. In particular, we aimed
to detect whether changes in community composition are uniform, or if a divergence in OTUs occurs
across different treatments. True replication [41] was not feasible at this time due to experimental
design limitations (e.g., removal of excess water could disturb the mesocosms’ stability), but our
analysis included four different types of phytoplankton succession induced by different light regimes.
However, considering that Sommer et al. [19] did not find clear differences between replicated
mesocosms for various biological parameters studied (e.g., phytoplankton biomass, relative biomass
of phytoplankton groups, relative abundance of nauplii) but only between treatments, we believe
that although we cannot make strong statistical conclusions, our results give insights into microbial
processes that occur under different light conditions. It should be mentioned that in the January
mesocosms, a phytoplankton bloom developed only in the treatment with the increased irradiance,
whereas in the February mesocosms a phytoplankton bloom also developed in the control (Figure S3).
Positive phytoplankton growth rates also occurred in the January control mesocosm, but their values,
as well as the phytoplankton biomass, were far below the limits characterizing a bloom event [19].
For most of the analyzed samples, the sequencing depth (Figure S1) was satisfactory for revealing at
least the dominant OTUs, and here we focus on these dominant operational taxonomic units (OTUs)
and not at revealing the exhaustive species richness of the mesocosms.
The decrease of unique OTUs during the course and/or towards the end of the growth phase in all
mesocosms depicts that some kind of selection took place at the OTU level, resulting in an increase of
dominance [42]. The most frequent and abundant OTUs (i.e., those found in all mesocosms and all
sampling points), belonged to Rhodobacteraceae. This taxon includes some of the most important
marine Bacteria, like the Roseobacter clade, which is known to have a positive response to increases
in chlorophyll a [43,44] and is associated with phytoplankton blooms in marine waters [7,45,46].
Additionally, Roseobacter spp. prevail in meso-eutrophic systems [47]. The Rhodobacteraceae-related
OTU2 found in our study persisted in all mesocosms despite the different light regimes and subsequent
changes in the plankton community. The peak of this OTU coincided with the initiation or peak of
the phytoplankton biomass (Figures S3 and S4). It is likely that this OTU represents a bacterium that
not only outcompetes the rest of the bacterial OTUs, but is also resistant to grazing pressure (not
investigated here). The metabolic plasticity of several members of the Rhodobacteraceae [23,48,49]
could support a bottom-up advantage for these microorganisms by using multiple and/or complex
organic carbon resources and, thus, benefit from phytoplankton blooms [3,8,50] like the ones that
occurred in our mesocosm. Actually, between the onset of the phytoplankton bloom and the end of the
incubation (post-bloom period), DOC increasingly reached a factor of >3 [51], suggesting that bulk
carbon sources were not limiting. However, further research is necessary in order to investigate the
impact of different DOC compounds on specific Bacteria [52,53].
The second most frequent and abundant microorganism was OTU1, also a member of
Rhodobacteraceae. However, although its initial relative abundance was similar to that of OTU2,
it increased only in February mesocosms at the end of the experiment when phytoplankton
biomass decreased (post-bloom period with senescent and dead phytoplankton cells) and phosphate
concentration minima occurred (Figure S3). This pattern indicates a possible suppression of OTU1
abundance by OTU2 and a possible antagonistic relationship between the two microorganisms. OTU1
was a better competitor under the low phosphate concentrations recorded in February mesocosms.
Furthermore, these two OTUs were the only ones that showed statistically significant correlations
with the biomass of a specific phytoplankter. In particular, OTU1 was positively and OTU2 was
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negatively correlated to the C. decipiens biomass. Since Bacteria species may use DOM originating
from multiple phytoplankton species [44,54] and other sources [52], these statistically significant
correlations should not be considered as one-on-one relationships but might indicate the differential
impact of phytoplankton exudates to specific Bacteria. Similarly to the OTU2 and OTU1 correlations,
contradictory responses to phytoplankton exudates of two Rhodobacteraeae strains have also been
observed previously [55]. Finally, a third type of OTU relative abundance response was common for
the rest of the nine dominant OTUs. The abundance of these microorganisms always remained low, as
has been the case for many bacteria in several mesocosm experiments, mostly due to competition [5].
Other important bacterial families included were two that are well known from the marine
environment, Flavobacteriaceae and Alteromonadaceae, which have also been found in previous Baltic
Sea mesocosm experiments [29,56]. Flavobacteriaceae have been found to respond to enrichment
in particulate or dissolved organic carbon [42]. However, in the current experiment their relative
abundance increased only in the January treatments. We suggest that in the February mesocosms,
Actinomycetales acted antagonistically to Flavobacteriaceae and played a significant role in the
breakdown and recycling of organic matter [57]. The lag of the Alteromonadaceae-related OTU
relative abundance in all treatments might have been related to their grazing susceptibility, as has been
suggested in previous mesocosm experiments [8] and natural marine environments [58]. Interestingly,
a previous study [29] using CARD-FISH found a Gammaproteobacteria-related OTU (Glaciecola) to
dominate during diatom blooms in low temperature (< 8 ◦C) mesocosm experiments with whole
plankton communities in the Baltic Sea. According to these authors, dominant diatom (S. costatum and
Thalassiosira rotula) exudates favored Glaciecola spp. In our experiment, we found a Glaciecola-related
OTU (OTU7) in all mesocosms, but it never proliferated (even though S. costatum was one of the
dominant phytoplankters) [19]. S. costatum sensu lato harbors cryptic species [59], and this feature
could probably explain the discrepancies between studies. Members of Verrucomicrobia also occurred
in noticeable relative abundance towards the end of the phytoplankton blooms in the FH mesocosms.
Verrucomicrobia are found in freshwater blooms of eutrophic systems [60,61], while a recent report
couples the constant presence of Verrucomicrobia with enzymatic degradation of polysaccharides in
Arctic waters [62], inferring a tight link of this group to organic matter originating from phytoplankton
blooms. Although direct comparisons of the BCS between our results and those of other mesocosm
studies from the Baltic Sea [29,56] and other aquatic habitats [5,8,63] are not directly feasible due to
different experimental setups and fingerprinting methods used (e.g., tag pyrosequencing vs DGGE),
some common major groups, such as those at the family level, can been seen. Overall, the dynamics of
different families hint at the competitive advantage of Rhodobacteraceae against Flavobacteriaceae
and Alteromonadaceae in our mesocosms, which is probably related to their resistance to grazing as
well as to their ability to use multiple and/or complex organic carbon resources, as stated earlier.
In order to investigate if and how the associations of the 11 OTUs found in all mesocosms changed
as a result of the different treatments, we used association network analysis of co-occurrence patterns.
We found that the interrelationships of these OTUs varied between the four different mesocosms (OTU6
did not show any correlations, see Figures S5 and S6). For example, the high-light period in February
mesocosms led to higher growth and production rates for phytoplankton, as well as to a higher peak
of biomass [19]. Under these conditions, only a few nodes (OTU7, OTU9, OTU20) made most of the
interactions, presumably as a result of being the ones best adapted to the most specific conditions of
the highest phytoplankton biomass and irradiance, and because several other OTUs need to associate
with them to grow. During DOC degradation, intermediate compounds are formed [52,64], providing
more available niches [48] that could be occupied by a variety of OTUs (Figure 3). It seems, thus, that
as light increases, more specific bacterial relationships are formed in terms of OTU relative abundance.
Although it is known that whole prokaryoplankton communities in the Baltic Sea are responsive
to climate-induced changes [65,66], it remains unknown whether such responses are due to specific
taxa of bacteria and/or archaea. Moreover, the effect of temperature increase on bacteria community
composition can be direct or indirect [29], but far less is known of the effect of changes in light intensity
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and duration [51]. In this study, we found that specific bacteria had different responses in terms of OTU
abundance in mesocosms under in situ and high light intensities, and also that an early phytoplankton
bloom [19] can result in a different bacterial community structure. Since different light conditions
resulted in different phytoplankton biomass and community structure patterns, further investigation
is needed based on factorial experimental design and replication to make safe conclusions about the
“significance” of different parameters on BCS. Our study shows that just as the distinct members of
phytoplankton communities have responded distinctively in successive studies induced by simulated
climate change effects, prokaryoplankton should not be considered as a “black box”, since it also
exhibits distinct temporal patterns and interrelationships as a result of such environmental changes.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/11/10/195/s1:
Figure S1. Rarefaction curves of Operational Taxonomic Units (OTUs) numbers against the number of high-quality
reads, at ≥97 similarity, in the studied mesocosms; Figure S2. Maximum likelihood phylogenetic tree of the
Bacteria most dominant operational taxonomic units (OTU) and the ones found in all four mesocosms all sampling
points. Figure S3. Temporal dynamics of phosphate, nitrate to total dissolved inorganic nitrogen (DIN) ration and
phytoplankton biomass in the studied mesocosms; Figure S4. Taxonomic composition of the most abundant (>1%)
bacterial OTUs in the studied mesocosms. Figure S5. Association network diagram of Spearman’s correlations
(edges) between the 10 operational taxonomic units (numbers in nodes) shared among the four mesocosms (yellow
nodes); Table S1. Relative abundance (%) of the most abundant (≥1%) OTUs. J: January, F: February, C: control
(baseline light intensity), H: high light intensity.
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